A D-lysergic acid-activating enzyme from the ergot fungus Claviceps purpurea was purified about 145-fold. The enzyme was able to catalyse both the D-lysergic aciddependent ATP-pyrophosphate exchange and the formation of ATP from n-lysergic acid adenylate and pyrophosphate. Both reactions were also catalysed to a decreased but significant extent with respect to dihydrolysergic acid. The molecular mass of the enzyme was estimated to lie between 135 and 140kDa. The involvement of the enzyme in the biosynthesis of ergot peptide alkaloids is discussed.
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Ergot peptides represent a class of peptide derivatives of n-lysergic acid (Fig. 1) . They are produced by the ergot fungus Claviceps purpurea. Biosynthetic studies in vivo revealed that the natural amino acids are the precursors for the amino acids present in the peptide chain (Gr6ger, 1975) . In the case of the n-lysergic acid moiety it was previously demonstrated that D-lysergic acid, when added to protoplasts or mycelium of Claviceps purpurea A.T.C.C. 20102, stimulates ergot-peptide synthesis significantly (Keller et al., 1980) . In addition, feeding this organism with dihydrolysergic acid results in the formation of the corresponding dihydro ergot peptides (Anderson et al., 1979) . i> Lysergic acid seems to be a free intermediate in the process of lysergyl-peptide formation, so an enzyme must be present in the cells of C. purpurea catalysing the activation of D-lysergic acid before peptide-bond formation. Such an activation is likely to proceed via adenylate formation, as has been described for numerous non-ribosomally formed peptides (Kleinkauf, 1979) . In the present paper we describe the purification and characterization of a D-lysergic acid-activating enzyme from Claviceps purpureoa strain 1029. Stoll et al. (1943) (Hofmann, 1964) (dihydrolysergic acid). The Dlysergic acid and dihydrolysergic acid adenylates were identified by scraping off the newly formed bands from the silica-gel layer and eluting the compounds with water. After being left at room temperature for 30min, the aqueous phases were evaporated to dryness at 30°C. The residues were taken up in a minute volume of water and applied to PEI-impregnated cellulose sheets (Macherey, Nagel and Co., Duren, Germany) and chromatographed by using solvent system III (1.2M-LiCI) or IV (2M-formic acid/l M-LiCl). The presence of AMP (detected by its fluorescence) revealed the nature of the compounds as nucleotides of Dlysergic acid or dihydrolysergic acid, since the RF values of the newly formed compounds were distinctly higher than that of AMP and lower than that of the two ergolines. The RF values for the two adenylates were similar (0.2-0.3 in solvent system I, 0.3-0.4 in solvent system II). They were extremely labile at room temperature and decomposed slowly during chromatography, which made it difficult to determine the RF value exactly. T.l.c. revealed that aqueous solutions of the adenylates quickly prepared before enzymic tests contained 30-50% adenylate.
Materials and methods

Enzyme assay
The ATP-pyrophosphate exchange was measured by a procedure modified from that described by Lee & Lipmann (1975 (Lee & Lipmann, 1975) . After several washings with distilled water, radioactive ATP was eluted from the charcoal with 10% (v/v) pyridine. The extract was evaporated to dryness and the residue chromatographed on PEIcellulose with solvent system IV.
Enzyme purification
All operations were carried out at 0-4°C. Buffer A contained 5 mM-sodium phosphate, pH 6, 5 mMdithioerythritol and 1 mM-PMSF. Buffer B contained 50mM-potassium phosphate, pH 6.8, 5mM-dithioerythritol and 1 mM-PMSF.
Step 1. Freeze-dried mycelium from a 5-7-dayold culture of Clavicepspurpurea (6.5 g) was ground in a mortar for several minutes. The resultant finepowder-like material was stirred with 200ml of buffer A for 1 h. The suspension was then centrifuged at 12000g for 30min. The supernatant was applied on to a DEAE-cellulose column (DE 52, Whatman; 2cm x 14cm). After washing with 400ml of buffer A, crude enzyme (25-30ml) was eluted with buffer A containing KC1 to give a conductivity of 7mS.
Step 2. Crude enzyme (4ml) was fractionated on an Ultrogel AcA 34 column (1.6cm x 100 cm) equilibrated with buffer B. Fractions (3.3 ml) were collected and assayed for the presence of D-lysergic acid-activating enzyme by means of the ATP-PPi exchange reaction. This separation is shown in Fig. 2 . D-Lysergic acid-dependent ATP-PP1-exchange activity was found in fractions 26-34. Normally activity that was not dependent on Dlysergic acid was less than 5% of the total. Fractions 27-33 were pooled.
Step 3. The pooled Ultrogel-AcA-34 fractions were passed through a propyl-agarose (Sigma) column (0.7 cm x 5cm) equilibrated with buffer B. The protein peak that appeared was collected.
Step 4. Enzyme from the propyl-agarose column was passed through a DEAE-cellulose column (DE 52, Whatman; 1cm x 4cm) equilibrated with buffer B. Enzyme was not adsorbed on the ion-exchanger, and the protein peak that appeared was collected.
Specific activities are expressed in nkat (1 nkat is the amount of enzyme catalysing the incorporation of 1 nmol of pyrophosphate into ATP/s.
M, determinations
The M, of the native enzyme was estimated by gel filtration on a column (1.6cm x 100 cm) of Ultrogel AcA 34 using buffer B. The column was calibrated with gramicidin S synthetase II (Mr 280000), enniatin synthetase (250000), aldolase (158000) and bovine serum albumin (68000) (see Fig. 2 ). Radioactivity measurements Radioactivity was determined with a Tri-Carb liquid-scintillation counter (Packard Instruments). Charcoal filters were directly counted for radioactivity in a toluene-based scintillation fluid. Radioactivity on t.l.c. plates was analysed by autoradiography using Kodak X-Omat S X-ray film.
Strain and culture C. purpurea strain 1029 is a derivative of C. purpurea A.T.C.C. 20102 (Keller, 1983) . It was maintained on slants of T 2 (Amici et al., 1967) . Cultivation in liquid medium was done as described previously (Keller et al., 1980) . For enzyme preparation, 5-7-day-old cultures were used (300-500mg of ergot peptide/litre). Freeze-dried mycelia from those cultures could be stored for at least 3 months at -20°C.
Results
Enzyme purification
By means of the D-lysergic acid-dependent ATP-pyrophosphate exchange reaction it was possible to purify a D-lysergic acid-activating enzyme about 145-fold. As is illustrated in Table 1 , an enzyme extract obtained by DEAE-cellulose fractionation of a crude protein extract was applied to an Ultrogel AcA 34 column (Fig. 2) . This separation resulted in a 47-fold increase of specific activity accompanied by a 42-fold increase in total activity. The latter effect was mainly due to the removal of a non-specific ATP-PPi exchange.
Thus the D-lysergic acid-dependent ATP-PPexchange was almost completely free of background activity (<5% of the total). methyl ester, dihydrolysergic acid amide, chanoclavine, agroclavine, elymoclavine and ergotamine did not react under these conditions. This finding was not surprising with respect to all of the ergolines lacking a carboxy group, but could not be understood with respect to dihydrolysergic acid in view of the fact that this compound is incorporated into dihydroergotamine in vivo (Anderson et al., 1979 ; U. Keller, unpublished work). As we argued that the reaction rate of the dihydrolysergic aciddependent pyrophosphate exchange was too low to be measurable under the above conditions, these were changed by omitting unlabelled pyrophosphate from the reaction mixtures. The time courses of the reactions that were dependent on D-lysergic acid and dihydrolysergic acid (as given in Fig. 3 ) clearly reveal that, under these conditions, a significant dihydrolysergic acid-dependent ATP-pyrophosphate exchange took place, which increased with time up to 25 min. The enormous reactivity of D-lysergic acid compared with that of dihydrolysergic acid is well illustrated by the observation that nearly all of the radioactive pyrophosphate present in the incubation mixture with D-lysergic acid was incorporated into ATP during the first 2.5 min of the incubation (Fig. 3) . Further evidence for the ability of the enzyme to activate both D-lysergic acid and dihydrolysergic acid came from experiments in which chemically synthesized adenylates of the two acids were incubated with [32P]pyrophosphate in the presence or absence of enzyme. From Fig. 4 it is clear that considerable ATP synthesis took place in the presence of D-lysergic acid adenylate, whereas dihydrolysergic acid adenylate gave a small but significant amount of ATP. No radioactive ATP was detected when D-lysergic acid or dihydrolysergic acid adenylates were replaced by the acids plus AMP or when the enzyme was omitted from those incubations containing adenylates (the latter not shown). Attempts to isolate enzymically formed adenylates from the incubation mixtures by means of a variety of methods (Eigner & Loftfield, 1974; Jakubowski et al., 1977) failed. Purther enzyme properties
Measurements of the influence of various Dlysergic acid concentrations on the rate of the pyrophosphate exchange reaction revealed an apparent Km value between O.1 mm and 0.2mM under the conditions described. The enzyme's M, was determined by gel filtration on Ultrogel AcA 34 (Fig. 2) . By the use of several standard proteins, its value was estimated to lie between 135000 and 140000. (Anderson et al., 1979; Keller et al., 1980; Willingdale et al., 1983) , and it is likely that the free acids serve as the precursors of peptide-bound ergolinic acids.
Although the Mr of the enzyme (135000-140000) seems to be high enough for harbouring more than one catalytic function (i.e. activation) (see Lipmann, 1971) , no evidence was obtained that the enzyme is able to catalyse the formation of a D-lysergyl-peptide or even a D-lysergyl-CoA thioester. This latter compound has been claimed to be a precursor of peptide-bound D-lysergic acid (Maier et al., 1972) . Thus it must be supposed that another compound serves as an acceptor for the activated D-lysergic acid residue. Certainly the enzyme does not form a covalent enzyme-substrate complex, since no AMP release from ATP was observed, in either the presence or the absence of D-lysergic acid. It may be speculated that Dlysergic acid adenylate reacts either with preformed Ala-Phe-Pro tripeptide or with another protein, as in the case with D-phenylalanine in the synthesis of the cyclic decapeptide gramicidin S (Lipmann, 1971) . Therefore further experiments will be required to elucidate the nature and sequence of reactions between D-lysergic acid activation and D-lysergyl-peptide formation.
